A B S T R A C T During prolonged hypoxia, intracellular potassium concentration, [K]i has been reported to fall by 70% with a concomitant decrea1se in the calculated potassium equilibrium potential, EK. Nevertheless, resting membrane potential, Vm, declined only slightly. Because Vm depolarized very little in relation to the calculated EK, it was hypothesized that electrogenic Na-K pumping contributed up to 40 mV to Vm during prolonged hypoxia. To further test this hypothesis we studied what changes prolonged hypoxia makes in the thermodynamically active fraction of cellular potassium, intracellular potassium activity, a'K, and how change in aeK affects the relationship between Vm, EK and, by inference, the Na-K pump. Using double-barrel K-selective electrodes, Vm and aiK were measured in quiescent guinea pig right ventricular papillary muscles superfused for 8 h with hypoxic Tyrode's solution. Over the 8-h period both Vm and acK decreased. However, the decline in Vm was paralleled by a decrease in the EK calculated from aK. At no time was there hyperpolarization of Vm beyond EK.
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After 8 h the Na-K pump was inhibited by exposing the muscles to 0.1 mM ouabain. The onset of an increase in extracellular potassium activity, measured with a double-barrel electrode, was used to mark the amount of depolarization of Vm due solely to pump inhibition. After hypoxia, Vm depolarized 8.4±4.4 mV before extracellular potassium activity (a') increased. Thus, the decrease in ak during hypoxia is much less than that reported for [K] j. The parallel decline in Vm and Ek and the small depolarization of Vm with ouabain suggest that after prolonged hypoxia the Na-K pump continues to contribute to Vm, but the amount of this contribution is substantially less than previously reported. INTRODUCTION Hypoxia causes characteristic changes in the transmembrane action potential of ventricular muscle. Several investigators reported a shortening of the plateau and a reduction in the overshoot, both alterations occurring in the face of minimal change in the resting potential (Vm)' (1-3). One observation, nevertheless, remains enigmatic. McDonald and MacLeod (4, 5) exposed ventricular muscle to hypoxia for 8 h and confirmed the lack of change in Vm during this time period. They also reported that at the end of the 8-h period, intracellular potassium concentration ([K]j) decreased dramatically, and from the measured potassium concentration they calculated that the potassium equilibrium potential decreased from -82 mV to -47 mV. Since the measured Vm remained at -80 mV, it appeared that during prolonged hypoxia there was sustained hyperpolarization of Vm beyond the potassium equilibrium potential (EK) in excess of 30 mV. They attributed this deviation of Vm from EK to increased electrogenic Na-K pumping and hypothesized that the electrogenic Na-K pump, in large measure, maintains Vm during prolonged hypoxia (4, 5) .
Several studies have demonstrated that when the electrogenic sodium pump is stimulated, Vm can transiently exceed EK (6) (7) (8) . In an experiment representative of non-steady-state behavior after a period of sodium loading, Page and Storm (6) hyperpolarization of Vm beyond EK of 6 mV when papillary muscle recovered from prior incubation in cold, potassium-free perfusate. As summarized by Thomas and others (9, 10) , this type of hyperpolarization must be temporary, because the change in the electrochemical driving force for the passive movement of potassium (Vm -EK) favors a redistribution of potassium across the cell membrane. This redistribution of potassium in turn drives EK to more negative values, which continue to approach Vm. Thus the observation that there was sustained deviation of the measured Vm from the calculated EK during prolonged hypoxia described by McDonald and MacLeod remains problematic.
Potassium ion-selective electrodes can determine the thermodynamically active fraction of cellular potassium, intracellular potassium activity (a'X) (11) (12) (13) .
These electrodes avoid the potential pitfalls of measuring total potassium concentration in whole muscle bundles, particularly bundles exposed to the insult of hypoxia. Moreover, they are capable of monitoring changes in aK in a given cell over time. Consequently, potassium-selective electrodes were used to investigate the hypothesis that the Na-K pump maintains Vm during prolonged hypoxia. We studied the changes that severe hypoxia causes in aK and how these changes affect the relationship between Vm, EK and, by inference, the Na-K pump.
To further investigate what role the pump plays in maintaining Vm during prolonged hypoxia, additional corroborative experiments were performed. During ouabain inhibition of the Na-K pump in both normoxic and hypoxic muscles the onset of an increase in extracellular potassium activity, a', was used to mark the upper limit of the amount of depolarization due solely to pump inhibition (14) . We used this amount of depolarization as another index of pump contribution to Vm. 8-h period. The drift rate was 0.5-1.5 mV/h. To complement the experiments described above, we performed an additional set of experiments designed to further estimate the contribution of the Na-K pump to Vm (14) . We inhibited the Na-K pump by exposing the muscles to 0.1 mM ouabain (Sigma Chemical Co., St. Louis, Mo.) after 8 h of hypoxia or normoxia and used the onset of an increase in aK to mark the amount of depolarization due to pump inhibition. A double-barrel electrode was placed in the extracellular space as previously described (19, 22) to monitor change in ae, while a 3M KCI electrode was placed intracellularly to monitor Vm during ouabain exposure. The lefthand part of Fig. 3 shows the double-barrel electrode impaling the cell and advancing to the extracellular space. Displayed are the traces from the VK barrel of the doublebarrel electrode, the reference barrel (Vref), and their electronically subtracted difference signal (VD), which provides the substrate for the calculation of aC and which is so labeled. Also shown is a separately impaled 3M KCI electrode that measures Vm during ouabain exposure. After a few minutes in the extracellular space, VK, Vref, and e4 return to bath values. The electrodes were left in place for an additional 20 min after which the recorder gains were doubled and 0.1 mM ouabain added to the superfusate. We used the onset of an increase in a!K to distinguish the amount of depolarization in Vm, resulting solely from pump inhibition from that due to extracellular K+ accumulation.
METHODS
Data reduction. Data are expressed as means and standard errors of the mean. Student's t test for paired and unpaired data was used to test for significance (23) . Table I shows the changes in Vm, ak OS, and APD50 that occur during exposure to hypoxia. At the end of 3 h of exposure to severe hypoxia there were small changes in both Vm and a'. Vm decreased from -89.3±0.7 mV to -84.6±0.5 (P < 0.01) mV while aeK decreased from 104.6±4.8 mM to 97.8±3.2 mM.
RESULTS
Assuming that a' equalled the potassium activity in the bulk solution (at), the calculated potassium equilibrium potential (EK = RT/F ln at/ak) decreased from -93.2±1.3 mV at control to -89.0±1.6 mV at 3 h, such that over this 3-h period the difference between Vm and EK was unchanged.
As seen in previous studies (1-3), there were significant changes in both the plateau phase, manifested by a shortening of the APD50, and in the OS (Table  I ). The shortening of the APD50 was seen in some experiments to begin within a few minutes of hypoxic exposure and decreased by a further 80% over 3 h. The OS of the action potential decreased about 50% in 3 h from 37.7±1.6 mV to 15.7±1.9 mV (P < 0.01) ( Table I) .
After 3 h of severe hypoxia there was a small but definite depolarization in Vm, which in that respect is unlike most previous studies (1) (2) (3) (Table II) . Vm depolarized from -81.4±0.8 mV to -71.4±0.6 mV (P < 0.01) while a'K decreased from 96.1±4.1 mM to 65.1±2.9 mM (P <0.01). Over this period the calculated EK decreased from -92.3±1.2 mV to -83.6±0.5 (P < 0.05). Although there were significant decreases in Vm and EK, the rates of decline in Vm and EK were not different, suggesting that the relationship between Vm and EK was unchanged.
As can be seen from Tables I and II , the control values for Vm and a' obtained with the double-barrel electrode were somewhat lower than those obtained by averaging multiple impalements with single-barrel electrodes. As demonstrated previously (17) , this represents differences in tip diameter and in the use of 1.0 M NaCl as a filler in the reference barrel of the double-barrel electrode, as compared with 3M KCI in a single-barrel reference electrode. Using double-barrel electrodes it was noted that after the first 3 h of hypoxia in the 8 h protocol, Vm declined to -76.9±1.0 mV and aoK decreased to 84.5±3.9 mM. These data suggest that, although the control values for the singleand double-barrel electrodes are somewhat different, both techniques record similar rates of change in Vm and a' during hypoxia, and because one technique samples many cells over time while the other records from one cell over time, they form a strong complement.
The parallel decline in Vm and EK after 8 h of hypoxia stands in contrast to the findings after 8 h of control normoxic superfusion. During this control experiment there were no significant changes in Vm, aK, or EK (Table II) , and the relationship between Vm and EK was unchanged.
As a corroborative experiment we inhibited the pump with 0.1 mM ouabain after the 8 h of hypoxia or normoxia to further test the contribution of the Na-K pump to Vm (14) . Using a double-barrel electrode placed in the extracellular space, we detected an increase in e4 after the normoxic muscle depolarized by 4.8±1.1 mV (Fig. 3) . In the normoxic muscle this detection was noted after 2.8±0.1 min of ouabain exposure. In the hypoxic muscle, the muscle depolarized by 8.4±2.2 mV before an increase in e4 was detected. In these muscles the increase in ae was detected after 3.4±0.2 min of ouabain exposure, which was a longer period than after normoxia (P < 0.05).
DISCUSSION
Our data do not support the hypothesis that electrogenic Na-K pumping maintains (up to 30 mV) Vm during prolonged hypoxia. Rather, these data suggest that during oxygen deprivation the resting membrane potential of ventricular muscle continues to be primarily determined by the passive distribution of potassium and that the contribution of the electrogenic Na-K electrogenic Na-K pumping maintains Vm during hypoxia in the degree previously suggested. Our data also demonstrate that severe hypoxia will cause significant depolarization. The lack of significant depolarization described in previous studies may have been due to less severe reduction of PO2 (1-3). As demonstrated by Schubert (26) and also by Grunewald (27) where, depending on thickness, there may be large [K] gradients between the cells in the center and cells on the surface. This would tend to substantially lower the average K concentration made on the whole bundle. Because of the presence of these potassium gradients, it cannot be assumed that the potassium content of a surface cell, where V. is measured, is the same as the potassium content derived from analysis of the total muscle bundle. Our measurements of ak, particularly as followed in a given cell, were obtained from cells on the surface of the preparation, which are in contact with rapidly exchanging perfusate and where gradients would tend to be less. Second, the determination of [K] i requires estimation of the intracellular volume, usually determined with the use of extracellular markers. These may be inaccurate after prolonged hypoxia because of changes in membrane permeability, as for instance those suggested by the morphological studies of Ganote or Hatt (28, 29) . The determination of a?K with potassium-selective electrodes requires no estimate of cell volume. Third, hypoxia may cause a shift in the K+ activity coefficient (7YK), the ratio of ac to [K]j. Changes in the activity coefficient were reported by Lee and Armstrong (30) when skeletal muscle fibers were loaded with sodium and it is conceivable that the sodium loading, which is thought to occur in hypoxia, may also affect 'YK.
Regardless of the mechanism of the low [K]j, it is difficult to accept that Vm could hyperpolarize beyond EK by 30-40 mV for such prolonged periods under such hypoxic stress. This is so because the new electrochemical driving force for K+ (Vm -EK) would tend to continually drive K+ into the cell and drive EK toward Vm. The maintenance of this reversal of driving force would, in the steady-state, actually require active extrusion of potassium, which has not been described.
As a corroborative experiment we used an increase a' during Prolonged Hypoxia in a' during exposure to 0.1 mM ouabain as a marker for the amount of depolarization due solely to pump inhibition (17) . Similar types of measurements of aK using double-barrel potassium-selective electrodes have been reported by Kunze (19) in response to rapid pacing and by Kline and Morad (22) who reported changes in aK during a single action potential. After prolonged normoxia, this value was 4.8±1.1 mV, which is in accord with other estimates of pump contribution to Vm (31) . After prolonged hypoxia this value was 8.1±2.2 mV, which is somewhat higher than control but still considerably less than that reported by McDonald and MacLeod (4, 5) . In fact, it is likely that this estimate after hypoxia is spuriously high. The double-barrel electrode almost certainly damages the hypoxic tissue and distorts the cleft to a greater extent than in normoxia. If there is poor healing-over in hypoxia, this would leave a larger space for the same of less K extrusion and makes this method a less sensitive index of change in pump rate during hypoxia. The observation that the time between ouabain exposure and the detection of an increase in cK in hypoxia was greater than during normoxia is also consistent with the double-barrel electrode causing a greater distortion of the space. Because of possible changes in sodium or potassium conductances, these estimates probably set an upper limit for pump contribution to Vm. Nonetheless, these corroborative experiments will set the pump contribution to Vm considerably lower after hypoxia than previously stated. Changes seen in this study in the duration of the action potential are consistent with those previously described (1, 2, 5) . Our experiments were not designed to shed light on the controversy as to whether the plateau shortening during exposure to hypoxia represents an outward, presumably K+ (32) current, or a decrease in the slow inward current (33), but they merely serve as the basis for comparison with other studies.
With the degree of hypoxia seen in these studies, there was also a remarkable decrease in the OS, -50% in 3 h. This would be compatible with either changes in gNa or ENa. The latter almost certainly decreases as intracellular sodium activity increases. However, as noted by Coraboeuf (34) , the guinea pig papillary muscle may be a poor model for correlations between ENa and OS.
In summary, this study demonstrates that aoK de- creases much less during prolonged hypoxia than [K]j. The relatively higher value of aiK yields a calculated EK from which the measured Vm does not hyperpolarize. The hypothesis that electrogenic Na-K pumping maintains Vm during hypoxia is not supported. Rather, these data suggest that during severe hypoxia the resting membrane potential continues to be primarily determined by the passive distribution of potassium.
